1 4 European pears (Pyrus communis L.) require a range of cold-temperature exposure to induce 1 5 ethylene biosynthesis and fruit ripening. Physiological and hormonal responses to cold 1 6
Introduction 3 5
The fruit is a specialized organ unique to angiosperms that provides a protective environment for 3 6 the seeds to develop and mature. In order for the seeds to be disseminated, the fruits undergo a 1 0 0 enhanced AOX abundance [38] [39] [40] . Collectively, these studies demonstrate that AOX is a 1 0 1 product of post-climacteric events and contributes to senescence after the ripening phase. The transition from the autoinhibitory System 1 to autocatalytic System 2 ethylene production 1 0 3 occurs naturally during the developmental course of many fruits such as tomato, apple, peach, Delicious' and 'Granny Smith' apple [41, 42] . Pre-or post-harvest exposure to cold has also 1 0 7 been shown to induce ethylene production, and fruit softening in avocado (Persea americana) 1 0 8 and kiwifruit (Actinidia deliciosa) [43] [44] . However, in some cultivars of European pear 1 0 9 (Pyrus communis L.), a period of exposure to cold temperature after harvest, also called as pre-1 1 0 ripening period, is required for induction of System 2 ethylene production [45, 46] . Such post-1 1 1 harvest cold exposure to ripen fruit has been termed 'conditioning' [47] [48] [49] . Previous studies 1 1 2 have characterized the conditioning needs for different pear cultivars in terms of storage 1 1 3 temperatures, exogenous ethylene exposure and preharvest treatments [47, 48, 50, 51] . In the 1 1 4 absence of exogenous ethylene, conditioning can be achieved by storing the fruit at -1° to 10 0 C 1 1 5 for 1-15 days for 'Bartlett' to 60 days for 'D'Anjou' to 90 days for 'Passe Crassane' [49] . At the conditioning requirements and are regarded as non-climacteric. In this context, Pyrus displays a 1 1 8 spectrum of fruit phenotypes in terms of response to cold, induction of S2 ethylene, and the onset 1 1 9 of ripening [20] . Interestingly, exogenous application of ethylene can either replace or reduce the 1 2 0 need for conditioning and initiate the ripening climacteric, suggesting the existence of cold-1 2 1 induced regulatory processes that act independently of the S1-S2 transition [49] . While general biochemical pathways involved in ripening of model climacteric fruits are well 1 2 4 studied, more targeted research is necessary to understand cultivar-specific kinetics and 1 2 5 interactions of key ripening-related enzymes in European pears, especially in response to low-1 2 6 temperature conditioning. Previously documented biochemical and genomics data on pear 1 2 7 ripening have revealed a complex regulatory crosstalk between numerous phytohormones, 1 2 8 secondary messengers, signaling pathways, respiration and chromatin modification [5, 11, 32 , 1 2 9 52-54]. Differential regulation of these pathways can generate a spectrum of ripening or 1 3 0 postharvest phenotypes, including delayed or accelerated senescent fruit, and fruit with altered 1 3 1 sugar, volatile and nutritional content [15, 55] . Cold-induced physiological responses have been 1 3 2 shown to involve various phytohormones such as abscisic acid (ABA), auxin, jasmonic acid, and 1 3 3 respiration-related signaling [32] . reveal insights that integrate and regulate the critical transition from S1 to S2 ethylene This study was conducted with a focus on expression changes of key genes involved in ripening- used to assess relationships between multiple experimental factors of genotype and physiology 1 5 0 and the associated expression of key genes. NMDS is a multivariate data reduction technique 1 5 1 that identifies axes describing variability among sample units with many measured response 1 5 2 variables [59] . The method condenses the many measured variables in a multivariate data set 1 5 3 into a reduced number of axes that maximize explained variance. Unlike a number of other 1 5 4 methods, however, the method does not require that the measured variables be linear or scaled 1 5 5 similarly. This method was used to accommodate the disparity in a large number of data points replicates [60] . The NMDS analysis of physiological ripening and expression of target genes 1 5 8 revealed that 'Bartlett' and 'D'Anjou' fruits follow two dissimilar vectors in response to cold 1 5 9
conditioning, which has implications in preventing post-harvest losses of this important crop. For this study, fruit was harvested at physiological maturity from two commercial lots in central Washington state. The fruit was obtained within five days of harvest after temporary storage at each cultivar were divided into two replicate groups of 1920 fruits each, which were then Einhorn, 2011). After the conditioning period, the fruit was transferred to 180-liter flow-through 1 7 0 respiration chambers held at 20°C for seven days. The flow rate of the chambers was maintained 1 7 1 at 5.0 ml/min with compressed air. The fruit was evaluated for physiological parameters at 1 7 2 three-time points: at harvest (i.e., 0% conditioning), 100% conditioning, and 100% ripened, 1 7 3 which comprised 7 d after completion of conditioning. Peel tissue samples were also collected at 1 7 4 the stages mentioned above for subsequent comparative gene expression analysis. Fruit firmness was measured at each sampling time point, and peel tissue samples were collected 1 8 6 from 10 replicate fruit. Firmness was obtained from two equidistant points around the equatorial 1 8 7 region of each fruit after removal of the peel with a GS-14 Fruit Texture Analyzer (GÜSS 1 8 8 1 9 8 these time points, corresponding control tissues were also sampled from fruit maintained at 20°C. For cDNA preparation, RNA samples were treated with DNAseI to eliminate any DNA 2 0 0 contamination according to the manufacturer's methods (NEB, Ipswich, MA USA). The RNA 2 0 1 concentration was determined for each sample using a Nanodrop ND-8000 (ThermoFisher, MA, 2 0 2 USA). The RNA quality was verified using a denaturing gel and BioAnalyzer 2100 (Agilent, CA 2 0 3 USA). For each sample, 500 ng of total RNA was used to generate first strand cDNA using the 2 0 4
Invitrogen VILO kit (Life Technologies, Carlsbad, CA USA). Each cDNA preparation was 2 0 5 Figure 1. Treatment and sampling scheme for 'Bartlett' and 'D'Anjou' fruit. 1,920 fruit of each cultivar were equally distributed. Tissue samples were obtained from Non-Conditioned control fruit maintained at 20°C in parallel to a sampling of fruit that received conditioning treatment. Conditioned fruit was moved to isolated flow-through respiration chambers at 20°C for one week and samples harvested at that time. BH and AH -'Bartlett' and 'D'Anjou' fruit two days after harvest; BC, AC -'Bartlett' and 'D'Anjou fruit at 100% conditioning timepoint; 'BNC, ANC -'Bartlett' and 'D'Anjou' Non-Conditioned control fruit corresponding to 100% conditioning timepoint for fruit that received conditioning; BR, AR -'Bartlett' and 'D'Anjou' fruit at 100% Ripened stage; BNR, ANR -'Bartlett' and 'D'Anjou' Non-Conditioned control fruit corresponding to 100% ripening timepoint for fruit that received conditioning. and 'D'Anjou' fruit at 100% Ripened stage; BNR, ANR -'Bartlett' and 'D'Anjou' Non- Prior studies have reported a correlation between phenology and the expression of ripening 4 0 6 related genes [54, 85, 86] . However, NMDS analysis provides an approach that can capture 4 0 7 major axes of variance within a multivariate data set, regardless of the scaling of the variables, and allow for interpretation of the sources of variability. Sorting radial distance of variability in 4 0 9 the expression of genes (according to NMDS axes 1 and 2) revealed numerous phytohormone 4 1 0 and cold-signaling and additional genes in the approximate top third (Supplementary file 10).
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Further, expression data sorting revealed a tendency to form clusters by cultivar and treatment 4 1 2 factors. A rightward-shift is seen in 'Bartlett'-derived expression data in initial and final 4 1 3 ordination spaces, relative to 'D'Anjou'-derived expression values. Expectedly, unconditioned 4 1 4 controls occupied different regions in the ordination space relative to conditioned fruit of the 4 1 5 same cultivar. While unconditioned 'Bartlett' samples remained stationary along the NMDS 4 1 6 axis 1 (cultivar), they grouped to the right of (higher axis 1 score) conditioned fruit. Alternatively, unconditioned 'D'Anjou' samples reverted to the left of (lower axis 1 score) 4 1 8 conditioned samples. Together, this pattern in the ordination space reveals that there is a pre- treatments. This information could be used to devise more efficient, cultivar-specific, 4 2 1 conditioning strategies to optimize fruit ripening and quality. Cq values from ripened fruit samples were generally higher on axis 2 (ripeness) of the ordination transcripts probed in this work, those from 'Bartlett' tissues exhibited a decline in their values on 4 2 8 axis 2 of the ordination space initially, followed by a large increase when the fruit begins to ripen 4 2 9 during the S1-S2 transition. However, 'D'Anjou' tissues remain comparatively stable for axis 2 4 3 0 in the ordination space, suggesting underlying differences in conditioning response of this corresponding to 100% ripening timepoint (see Figure 1 ). These findings suggest that axis 1 may 4 3 7 be discriminating relative 'conditioning need' or 'propensity for S2-ethylene induction and 4 3 8 ripening', while axis 2 may discriminate ontogeny of the fruit or relative stage of ethylene 4 3 9 production, or ripening. NMDS axis 1, they grouped to the right of (higher axis 1 score) conditioned and ripened fruit 4 4 5 (see BH, BC, BR, Figure 3 ). This is consistent with their ripening behavior, where prolonged 4 4 6 storage at 20°C can soften the fruit, but not necessarily ripen it completely. Alternatively, non- conditioned 'D'Anjou' samples reverted to the left of (lower axis 1 score) conditioned samples cultivar-specific differences between 'Bartlett' and 'D'Anjou' fruit before conditioning 4 5 0 treatments. Overall, this plot helps visualize differential transcript abundance and provides a 4 5 1 basis for understanding how ripening responses manifest in genetically different pear cultivars 4 5 2 subjected to cold conditioning. 'Bartlett' pears transitioned from green to yellow as they ripened, Observed changes in expression of the selected genes in the ordination space, which represent 4 5 6 independent variables of phenology, cultivar and treatment, align well with the physiological and 4 5 7 molecular models of ripening [15, 24, 45, 54, 85, 87] . Recently, Nham, Macnish (32) identified 4 5 8 multiple ABA, auxin, and jasmonic acid-related signaling transcripts as potential putative 4 5 9 regulators of cold-induced ripening in European pear, supporting the outcomes of this study. Biplot representation of selected gene vectors and relationship to NMDS ordination axes showed 4 6 1 clear grouping according to pear cultivar, correlating calculated radial distance of genes from the 4 6 2 vertex of the ordination plot ( Figure 4 ). Following the second NMDS ordination of expression data from the final set of selected gene 4 7 5 targets, distinct associations between expression patterns of genes with NMDS axes 1 (cultivar) and 2 (phenology) were observed. This indicates that the NMDS approach is an additional 4 7 7 avenue to visualize multiple independent variables in a statistically relevant space to identify the RNAseq studies where the number of analyzed genes will always be overwhelmingly higher than The emerging pattern after two rounds of NMDS ordination was that the final third of gene respiration-related genes. The expression behavior of selected genes is discussed in the context 4 8 7 of the metabolic pathways they participate in during conditioning and ripening. Cold-perception and ABA signaling 4 9 0
Conditioning temperatures for pear typically range between 0-10°C; this is well within the range 4 9 1 of temperatures at which cold-stress is experienced in any other fruit tissues that do not require functional relevance of this protein in plants is unclear, though, after full conditioning treatment, 7 1 6 more of this transcript was found relative to 'Bartlett' tissue, which generally loses green 7 1 7 pigmentation more rapidly upon ripening onset than 'D'Anjou'. Overall, these data, along with 7 1 8 results of other recent studies, presents the possibility that in European pear and other climacteric 7 1 9 fruit, variation in respiratory and phytohormone-pathway activity is not just a consequence of 7 2 0 environmental factors, but also mediates physiological responses to them. Generally, the results Utilizing a targeted gene approach, this study allowed for focused analysis of genes documented 7 2 5 to play important roles in cold-induced conditioning and subsequent ripening in pear. It does not, of which have been reported to impact these processes in model fruit systems. This study adds cultivar specific information regarding the response of European pear to cold 7 3 2 conditioning and lends insight into the genetic changes that occur as fruit transitions to S2 7 3 3 ethylene production. Results of this work indicate that cold-sensing and signaling elements from 7 3 4 ABA and auxin pathways modulate S1-S2 ethylene transition in European pears, and suggest 7 3 5 that, while 'D'Anjou' pear is able to mitigate and cope with the effects of cold exposure, 7 3 6 'Bartlett' is comparatively less-equipped, resulting in a more pronounced S1-S2 ethylene 7 3 7 biosynthesis transition. Interestingly, enhanced alternative oxidase transcript abundance in 7 3 8 'Bartlett' and 'D'Anjou' tissues at the peak of the conditioning treatments suggests that AOX The authors thank Blue Star Growers (Cashmere, WA USA) for providing fruit used for this Supplementary file 6. NormFinder candidate reference gene input and output. Supplementary file 9. Raw R code, NMDS modeling. and ripeness (NMDS axes 1 and 2, respectively). : . F  u  j  i  s  a  w  a  M  ,  N  a  k  a  n  o  T  ,  S  h  i  m  a  Y  ,  I  t  o  Y  .  A  l  a  r  g  e  -s  c  a  l  e  i  d  e  n  t  i  f  i  c  a  t  i  o  n  o  f  d  i  r  e  c  t  t  a  r  g  e  t  s  o  f  t  h  e  t  o  m  a  t  o  8  6  9  M  A  D  S  b  o  x  t  r  a  n  s  c  r  i  p  t  i  o  n  f  a  c  t  o  r  R  I  P  E  N  I  N  G  I  N  H  I  B  I  T  O  R  r  e  v  e  a  l  s  t  h  e  r  e  g  u  l  a  t  i  o  n  o  f  f  r  u  i  t  r  i  p  e  n  i  n  g  .  T  h  e  P  l  a  n  t  8  7  0  C  e  l  l  .  2  0  1  3  ;  2  5  (  3  )  :  3  7  1  -8 ( 1 3 7 5 ) 1 1 3 5 Figure 1 . Treatment and sampling scheme for 'Bartlett' and 'D'Anjou' fruit. 1,920 fruit of each cultivar were equally distributed. Tissue samples were obtained from Non-Conditioned control fruit maintained at 20°C in parallel to a sampling of fruit that received conditioning treatment. Conditioned fruit was moved to isolated flow-through respiration chambers at 20°C for one week and samples harvested at that time. BH and AH -'Bartlett' and 'D'Anjou' fruit two days after harvest; BC, AC -'Bartlett' and 'D'Anjou fruit at 100% conditioning timepoint; 'BNC, ANC -'Bartlett' and 'D'Anjou'
Non-Conditioned control fruit corresponding to 100% conditioning timepoint for fruit that received conditioning; BR, AR -'Bartlett' and 'D'Anjou' fruit at 100% Ripened stage; BNR, ANR -'Bartlett'
and 'D'Anjou' Non-Conditioned control fruit corresponding to 100% ripening timepoint for fruit that received conditioning.
1
